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ABSTRACT
Dhakal, Tilak Raj. MS. The University of Memphis. August 2011. Effect of
variation of PVP/PEG weight ratio on the behavior of silver nanoparticles. Major
Professor: Sanjay R. Mishra.
Stable aqueous silver nanoparticles were synthesized by wet chemical method in
the presence of Polyvinylpyrrolidone (PVP) and Polyethylene glycol (PEG). A mixture of
two stabilizing agents PVP and PEG is found to play a crucial role in controlling the
morphology of silver nanocrystalline (NC) particles. This is inferred based on the shape
and size study of nanocrystalline silver using the X-ray diffraction, Transmission
Electron Microscopy, UV-Vis spectroscopy, Fourier Transform Infrared Spectroscopy,
and Surface enhanced Raman studies. These results suggest asymmetrical growth of
silver nanocrystalline particles in the presence of both PVP and PEG. Comparison of the
thermal properties of the Ag-PVP-PEG composite with pure polymers showed that the
thermal stability of the composite deteriorates by as much as 75 oC in the presence of low
PEG concentration and improves by around 45 oC at higher concentration of PEG. The
study highlights the fact that the morphology of nanocrystalline silver can be altered just
by varying the polymer weight ratios rather than any processing parameters, thus offering
a simple and controlled synthesis route to the formation of desired nanocrystalline silver.
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CHAPTER 1
INTRODUCTION
1.1 Introduction and Importance of Nanoparticles
There is no strict definition of nanoparticles. The size of the nanoparticles is often
in the range of 1 – 100 nm. So the nanoparticles are larger than the individual atoms or
molecules, and they are smaller than the ordinary bulk material. For example, the size of
the human proteins is in nanoparticle size range. Figure 1.1 shows the size distribution of
various types of environmental colloids, particles and techniques to characterize them.
Now, the question arises, “why does the study of nanoparticles become so interesting”?
Because of the small size, nanoparticles often exhibit the novel properties that are quite
different from the bulk material (1). Many of these unusual properties arise due to the
quantum size effect in which the particles begin to follow quantum mechanical rules (2).
Also, as the particle size decreases, the surface to volume ratio increases.
For example, for a spherical particle, the volume, V, is defined as,
V = 4πr3/3, where r is the radius of the sphere.
The total surface area of the sphere, S, is given by
S = 4πr2.
Then the surface to volume ratio is,
S/V = 3/r.
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Fig. 1. Size distributions of various types of environmental colloids and particles and several of the analytical techniques used to characterize
them. FFF ! field-flow fractionation; FCS ! fluorescence correlation spectroscopy; LIBD ! laser induced breakdown detection. Taken from
FIG.
1.1. [5].
Size distributions of various types of environmental colloids and particles and
Redrawn and
Wilkinson

analytical techniques used to characterize them. FFF = Field-Flow
Fractionation; FCS = Fluorescence Correlation Spectroscopy; LIBD = Laser
model particles (glass, anion exchange resin, bentonite, calelectrokinetic characteristics of particles in natural waters
Induced Breakdown Detection (3). the
cium carbonate, wax, and a polysaccharide), covering a wide
are dominated by adsorbed organic matter. Hence, HS are likerange of positive and negative values in synthetic seawater
ly to form nanoscale coatings on solid phases [50] and reduce
that contained no organic matter, all converged to a narrow
aggregation by charge stabilization [51] and fibrils are likely
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ion concentration, and the presence of other types of natural
chemical composition, further bolstering the hypothesis that 2 colloids, will be important and that sediments (via aggregation

compared to the bulk material. This makes the nanoparticles more exposure to other
materials. This property can be utilized in the area where higher surface area is preferred.
For example, nanoparticles show better catalytic property than the bulk material. Some of
the reported properties of nanoparticles are the quantum size effect on photochemistry (46), non-linear optical properties of semiconductor (7,8), etc. Due to their unusual physical
and chemical properties, nanoparticles are finding their applications in different areas and
nanotechnology has become an emerging area of research recently.
1.2 Applications of Silver Nanoparticles
Silver nanoparticles find their applications in a broad range of areas. Some of the
most important uses of silver nanoparticles are as follows:
1.2.1 Silver nanoparticles as a Catalyst
Some recent experiments show that silver nanoparticles can be used as a catalyst.
Jiang et al. (2005) proved the catalytic effect of silver nanoparticles attached to silica
spheres in the reduction of dyes by sodium borohydride (NaBH4) (9). In the absence of
silver nanoparticles, the reduction of the dyes was almost negligible. They also showed
that the reduction of the dyes increases with the increasing concentration of silver
nanoparticles. Zhou et al. (2007) also showed the excellent catalytic property of silver
nanoparticles in the reduction process of 4-nitroaniline by sodium borohydride (10). Kim
et al. (2003) examined the size -dependent catalytic behavior of silver nanoparticles
supported on the surface of α-Al2O3 in the oxidation process of ethylene to prepare
ethylene oxide (11). They found that the 30 nm size nanoparticles were highly catalytic
than the 15 nm size particles.
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1.2.2 Silver nanoparticles as a bactericide
The most well known property of silver is its anti microbial property. Silver ions
and silver based compounds are known to be toxic toward microorganism. The exact
antimicrobial mechanism of silver particles is not yet understood but it is believed that
bacteria use an enzyme to metabolize oxygen to survive. Silver has ability to damage the
enzyme and stop the metabolization of oxygen and hence kill the bacteria. Silver vessels
were used in ancient Greek and Roman civilizations to keep water potable. Silver-based
compounds are widely used as anti bacterial agent in burns, wound therapy, etc. (12). The
higher surface area of silver nanoparticles can enhance the anti microbial property of
silver. Jain and Pradeep (2005) performed an experiment, which suggests a possible
application of silver nanoparticles in water filters (13). Silver nanoparticles coated
polyurethane (PU) foams were prepared and found to kill all the bacteria in the water
going through the filter. They also showed that the nanoparticles were staying on the
filter after washing with water, too. They were able to coat the PU foams with silver
nanoparticles by exposing the foams on nanoparticle solution overnight, which is a cheap
and simple process. Thus silver nanoparticles can be used in water filters to produce
clean drinking water even in underdeveloped nations, too. Silver nanoparticles are now
used in many commercial applications as antibacterial/ antifungal agents such as, air
sanitizers, pillows, socks, shampoos, toothpastes, air filters, vacuum cleaners, washing
machines, food storage containers, etc. (14). Figure 1.2 shows the antimicrobial activity
of silver nanoparticles.
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Figure 4. Antimicrobial activity of silver nanoparticles against various pathogenic bacterial strains shown by well-diffusion method.

FIG. 1.2. Antimicrobial activity of silver NPs against various pathogenic bacterial strains
(15).
were taken with silicon cantilevers with force constant 0.02–
S. pyogenes, S. typhi, K. pneumoniae, and V. cholerae
0.77 N/m, tip height 10–15 nm, contact mode. It was noticed
using well-diffusion method (Figure 4). The mean of
that the AgNPs agglomerated and formed distinct nanofour replicates of the diameter of inhibition zones (in
structures
(nanoparticles).
The topographical
image
of
millimeters) around each well with AgNPs solution is
1.2.3
Silver nanoparticles
in optical
applications
irregular AgNPs is shown in Figure 3, where it can be
represented in Table 1. The highest antimicrobial activity
clearly seen that apart from nanoisland formation there is
was observed against MRSA followed by MRSE and
Noble metal (Au, Ag, Cu, etc.) nanoparticles
show extraordinary optical
also an agglomeration of silver. The particle size of the
S. pyogenes. The lower activity was found against S. typhi
AgNPs ranges in size from 160 to 180 nm and cannot be
and K. pneumoniae, but against V. cholerae no zone of
properties.
exhibit
a strong extinction peak
in UV-Vis
absorption spectra that is not
controlled
by varying They
the synthesis
condition.
inhibition
was recorded.
Antimicrobial activity of AgNPs against various
present in the absorption spectra of
pathogenic organisms

bulk metals. This is due to the Localized Surface
Discussion

The antibiotic activity of AgNPs was investigated against
various pathogenic organisms such as MRSA, MRSE,

The present study focused on the biosynthesis of AgNPs
with the development of an extracellular process by using
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Plasmon Resonance (LSPR) (16). LSPR occurs due to the collective excitation of
Z

conduction band electrons. When the frequency of the incident photon is resonant with
Dielectric

the frequency of excitation of conduction electrons, a strong absorption peak appears.
Figure 1.3 shows the schematic diagram about how LSPR occurs. The wavelength ( !max )

refractive index of the solvent and adsorbates (16). Among the noble metals, silver is
found to have highest efficiency in plasmon excitation. Due to this novel property of
X
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- - -
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silver nanoparticles, they have been used as optical filters (17), Biosensor (16), real time
optical sensor (17), SERS active substrateMetal
(19), etc.

b
Electric field
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Metal sphere

- - -

- - +++

Annu. Rev. Phys. Chem. 2007.58. Downloaded from arjournals.annualreviews.org
by NORTHWESTERN UNIVERSITY - Evanston Campus on 01/02/07. For personal use only.

of the LSPR peak is dependent on the size and shape of the nanoparticles as well as the

Electron cloud

Figure
1 Schematic diagram illustrating localized surface plasmon (20).
FIG.
1.3.

Schematic diagrams illustrating (a) a surface plasmon polariton (or propagating plasmon) and
(b) a localized surface plasmon.

1.2.4 Silver nanoparticles in conductive applications
provided a fundamental understanding of how plasmons are influenced by local structure and
environment,
they also
usefulness
as a sensing
Silver
nanoparticles
aresuggested
recently the
proposed
for of
useplasmons
in conductive
inks of ink-jet
modality. Today, plasmon spectroscopy enjoys a reputation as an ultrasensitive method
for detecting
biological
chemical
interest,
addition tostrictly
its con- such as,
printers.
The molecules
ink used of
inboth
ink-jet
printerand
should
meet
someinproperties
tinued role in enabling surface-enhanced spectroscopic methods, including SERS,

surface tension, viscosity, adhesive behavior, etc. (21). Researchers studied conductive
www.annualreviews.org
Plasmon Spectroscopy
269
polymers, molten metals and metal nanoparticles
to use• Localized
in conductive
inks. Among
these
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options, metal nanoparticles are found to be excellent because the melting point of those
particles decrease with size and hence they do not need high temperature as compared to
molten metals. They also exhibit better electrical conductivity than conductive polymer.
Table 1.1 shows the electrical conductivity of few metals including silver. Due to
high electrical conductivity, thermal stability and environmental friendliness, silver
nanoparticles are commercially applicable materials for conductive inks. Lee et al. (2005)
were able to design silver nanoparticle- based conductive inks using environmentally
friendly solvents, water and diethylene glycol (22).
Table 1.1. Comparison of conductivity of different metals (Chemix School interactive
periodic table)
Metals
Conductivity (106 Ohm-1cm-1)
Sodium

0.210

Magnesium

0.226

Aluminum

0.377

Copper

0.596

Zinc

0.166

Silver

0.630

Gold

0.452

Beryllium

0.313

1.3 Synthesis of silver nanoparticles
There are many methods in practice for the preparation of silver powder including
physical and chemical methods such as, electrolysis (23), spray pyrolysis (24),
microwave plasma synthesis (25), mechanochemical (26), photochemical reduction (27),
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laser irradiation (28), sonochemical decomposition (29), etc. These methods can be
divided into mainly two kinds, ‘bottom up’ and ‘top down’ methods. In the top down
methods, nanoparticles are synthesized starting from the bulk material by cutting,
grinding or etching such as mechanical alloying. The main disadvantage of the top down
method is the defect in the surface structure, which leads to change in physical and
sometimes chemical properties of the nanoparticles. Also, these physical methods usually
need high temperature, and they use expensive equipment. In the bottom up method,
particles are synthesized starting from atoms or molecules. The majority of this method
includes chemical synthesis. In this chemical method, the atoms or molecules are
clustered to form a stable nanoparticle. This method is applicable in the sense that there is
less surface imperfection as compared to physical methods. So the wet chemical methods
offer simplicity and versatility of preparing nanostructured silver nanoparticles. In the
majority of wet chemical methods, silver nitrate is reduced in the presence of some kind
of reducing agents such as, hydrazine hydrate (30,31), ascorbic acid (32), glucose (30),
glycerol (33), etc. Unfortunately, most of these reported techniques produce
agglomeration of nanoparticles. The problem of agglomeration is overcome by using
stabilizing agents such as Polyvinylpyrrolidone (34,35,36), Polyethylene Glycol
(37,38,39), Polyvinyl Alcohol (39,40), Ethylene glycol (41), etc. These polymers act as
both stabilizing agents and reducing agents (42,43,44,45).
1.3.1 Importance and influence of polymers in the synthesis of Ag NPs
In the chemical synthesis of metal nanoparticles, the formation of nanoparticles in
the solution occurs by chemical reaction followed by the formation of stable nuclei with
subsequent particle growth (46). After adding reducing or oxidizing agents and the
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solution containing the reactants, a chemical reaction occurs, and the solution becomes
supersaturated. The formation of nuclei restores the thermodynamic equilibrium of the
reaction product. Subsequent growth of these nuclei leads to the formation of narrow size
particles, i.e. nanoparticles. These particles will have high surface energy. Due to the
attractive Van der Waal forces, the system tends to minimize the total surface or
interfacial energy, which results the agglomeration of particles. The agglomeration of
particles can occur in any of the stages such as, synthesis, washing, drying, handling, etc.
To make the desired size of nanoparticles, it is important to prevent them from
agglomeration. Surfactants are used during the synthesis process to reduce the surface or
interfacial tension and to increase in repulsive forces between particles. That is why they
are used to control size and shape of particles in chemical synthesis process. Polymers
have widely been used as surfactants as well as reducing agents in the synthesis process
of nanoparticles.
Although polymers play an important role in the formation of stable
nanoparticles, the presence of such polymers during the formation of silver NPs can have
various influences in the growth process of nanoparticles (47). The interaction between
the surface of nanoparticles and stabilizing polymers can vary significantly depending on
the surface chemistry of the nanoparticles, the polymer, solvent and temperature. The
growth of strong adsorption of polymers can reduce the growth rate of nanoparticles.
Polymers can also interact directly to the solvent, solute or catalyst and can influence the
reaction. For example, Chou et al. (2000) reported that PVP is a weak acid and is capable
of combining with hydroxyl ions. As a result, the effective quantity of PVP as a stabilizer
will be less than that added (48). Despite some negative impacts of the polymers, they
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have been widely used to prepare stable nanoparticles by preventing them from
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peroxide used in the process of polymerization. So the hydroxyl end group of PVP can be
used as a mild reductant, which can reduce the metal salts very slowly so that we can
achieve a kinetically controlled growth of metal nanoparticles (52). In the synthesis of Ag
NPs, it is also found that the reduction of AgNO3 to Ag NPs was directly proportional to
the concentration of hydroxyl end groups of PVP. The concentration of hydroxyl groups
of PVP can be adjusted by varying the molar ratio of PVP to AgNO3 or the molecular
weight of PVP (52). Zhang et al. (1996) has also discussed the mechanism of PVP
protection in the synthesis process of Ag NPs (34). There is a formation of coordinative
bonding between PVP and Ag ions during the reaction process, which helps to protect the
Ag NPs from further agglomeration. Also, the steric effect arising from the long chain
PVP can also prevent the particles from agglomeration. Steric effect depends on the
fraction of PVP on the surface of Ag NPs. Hence, the molar ratio of PVP to AgNO3 can
also play an important role in the capping behavior of PVP. Chou et al. (2004) studied the
effect of molecular weight of PVP on its capping behavior in the synthesis of Ag NPs by
reducing AgNO3 (53). They found that when Sodium hydroxide is used for the reduction
reaction, PVP molecules having molecular weight of 29000 or 55000 were able to
stabilize the size of the Ag NPs, but the PVP molecules having less molecular weight
(8000) were not able to protect the NPs from agglomeration. But, when sodium
bicarbonate was used to reduce the silver salt, the reduction rate of AgNO3 was slower,
and the protection of Ag NPs from agglomeration was better due to the PVP of lower
molecular weight i.e. 8000. It suggests that if the reduction rate is high, the higher
molecular weight PVP can only stabilize the Ag NPs. But, when the reduction rate is low,
PVP having MW 8000 can provide better coverage on the surface of silver colloids due
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to its smaller size. In this project, NaOH is used as the reducing agent. So PVP with high
molecular weight (40000) is used.
Polyethyline glycol (PEG) is also a simple polymer soluble in water. It is also
soluble in toluene, methylene chloride and many other organic solvents (54). PEG is
insoluble in ethyl ether, hexane and ethyl alcohol. PEGs with molecular weight less than
1000 are viscous, colorless liquids, where as higher molecular weight PEGs are waxy
white solids. Because they are FDA approved non-toxic polymers for internal
consumption, they are widely used in biotechnical and biomedical applications. The
molecular structure of PEG is shown in fig. 1.5. The melting point of solid PEG increases
with increasing molecular weight, with maximum melting point at around 67 oC.

OH

H
O
n
(CH2-CH2-O-)

FIG. 1.5. Molecular structure of PEG.
Ethylene glycol is being used as a reducing agent in the preparation of Ag NPs
(41,55), but the size of the particle is usually high and the control of the reaction is
difficult. For the first time, Lou et al. (2005) proved experimentally that PEG can also be
used as a reducing agent as well as a stabilizer in the synthesis of Ag NPs (38). They
found that the reducing activity of PEG is very sensitive to its molecular weight. They
found that the reducing activity of PEG increases with its molecular weight. PEG 2000
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showed higher reactivity than PEG 200 or ethylene glycol. Also, reaction temperature
played an important role in the size of the particles. Larger particles were formed with
increasing temperature. To understand the effect of polymer chain length of PEG in the
reduction reaction, they performed an experiment at 1000C using the mixture of PEG
2000 and ethylene glycol (EG). When the weight ratio of EG to PEG was higher than 1:3,
reduction of Ag did not take place. For the sample obtained using the EG to PEG ratio
0.5: 3.5, low concentration of Ag NPs were found to be reduced. The concentration of Ag
NPs was remarkably increased when the weight ratio was 0.25:3.75. This result shows
that PEG is more efficient over ethylene glycol to reduce Ag NPs at low temperature.
Similarly, Li et al. (2010) were able to reduce Silver nitrate to prepare Ag NPs at room
temperature using PEG 200 (37). Due to the hydroxyl groups (OH-), PEG 200 can be
used as both a mild reducing agent to form Ag NPs and a stabilizing agent to prevent the
particles from agglomeration. The synthesized particles were found to be highly SERSactive after preparation. Also, they stored the particles at 4oC for four weeks, and the
dispersed particles were still observed to be stable. There was no increase in particle size
due to agglomeration even after weeks.
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CHAPTER 2
OBJECTIVES
In general, the majority of silver nanoparticles synthesis strategies revolve around
tuning shape and size of nanoparticles for many applications. Many physical properties of
the nanoparticles are much dependent on their shape or size. For example, the melting
temperature and molar heat of fusion decreases as the size of the silver nanoparticles
decreases (56). As discussed in chapter 1.2.1, silver nanoparticles of size 30 nm were
found to be more catalytic than the particles of size 15 nm (12). Also, the wavelength of
the LSRP peak depends on the size and shape of the silver nanoparticles (16). So it is
important to develop an appropriate technique to synthesize the silver nanoparticles of
desired sizes and shapes. Researchers have developed different methods to control the
shape and size of the silver nanoparticles. Chou et al. (2004) have showed that the size of
the nanoparticles depends on the molecular weight of the PVP used as stabilizing and
reducing agent (53). Overall molecular weights of polymers have been found effective in
altering the structural properties of silver nanoparticles by offering space available for
encapsulating the reduced silver and thus bringing in a change in size of silver
nanocrystalline particles. Tsuji et al. (2006) showed that the shape of the silver
nanoparticles changes from 2D plane structure to 1D rod like structure if we increase the
chain length of PVP (57). The concentration of silver nitrate (38) and the reaction
temperature (58) were also found to be effective in altering shape and size of the
nanoparticles. Herein, an attempt is made to change shape and size of Ag NPs using PVP
of single molecular weight instead by modifying the available space for the growth of Ag
NPs. This engineering is achieved by systematically adding a plasticizer PEG in PVP. It
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has been reported earlier (59) that PEG, when added to PVP in a small concentration, acts
as a plasticizer bonding PVP chains. Thus, the available space for the growth of Ag NPs
between PVP molecules can easily be modified by the addition of PEG. Both PVP and
PEG are opted for this study because of their wide spread use as biocompatible materials.
Rather than using different molecular weights of the polymers, different reaction
temperatures and different concentrations of AgNO3, here it is shown that we can achieve
the control of the size and shape of Ag NPs by just altering the weight ratio of PVP and
PEG of the same chain lengths, in the same concentration of AgNO3 and at the same low
temperature.
Thus, the focus of the present study is summarized as below.
I)

To vary the shape and size of Ag NPs by systematically replacing PVP with PEG
in the reaction solution,

II)

To understand the role of PVP – PEG interaction in the synthesis of Ag NPs, and

III)

To understand ensuing physical properties of the composite.
The present study systematically addresses these issues by assessing changes in

the structural, thermal, and optical properties of NC silver polymer composites.
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CHAPTER 3
EXPERIMENTAL
3.1 Materials
All chemicals used in the experiment were analytical reagents purchased from
Alfa Essar and were used without further purification. Anhydrous silver nitrate (AgNO3)
was used as a precursor, glucose (C6H12O6) as a mild reducing agent, Sodium Hydroxide
(NaOH) as an accelerator, and PVP and/or PEG as stabilizer as well as reducing agents
respectively. The molecular weight of PVP and PEG were, 40000 and 1000, respectively.
3.2 Synthesis Procedure
The synthesis process of Ag – PVP/PEG nanocomposite particles was adapted
from Wang et al. (42). For the synthesis, 3.4 g of AgNO3 was first dissolved into 20 ml of
deionized water to make sample A. An aqueous solution was prepared by dissolving 5.1
g of PVP, 6.8 g of glucose and 1.3 g of sodium hydroxide in 60 ml of deionized water to
make sample B. Sample B was heated at 60 oC with vigorous stirring by using magnetic
stirrer until all the materials completely dissolved. Then sample A containing AgNO3
solution was added drop wise to sample B containing polymer solution maintained at 60
o

C. The mixture was stirred for 15 more minutes and was kept to cool down naturally for

24 hours. The mixed solution thus obtained was thick and shiny grey in color indicating
the formation of Ag NPs. The precipitate thus obtained was filtered and collected in a
vessel. In this way, the first sample x = 0.0 was prepared.
Now, more samples x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 were prepared
by replacing PVP by PEG systematically. For example, x = 0.4 sample was prepared by
using 2.04 g of PVP and 3.06 g of PEG in the reaction solution. Thus, x = 0.0 and x = 1.0
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refers to samples with only PVP and PEG, respectively. Table 3.1 shows the amount of
PVP and PEG used to prepare different samples.

Table 3.1. Amount of PVP/PEG used to make Ag-(1-x)PVP-(x)PEG samples.
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

PVP(g)

5.1

4.59

4.08

3.57

3.06

2.55

2.04

1.53

1.02

0.51

0

PEG(g)

0

0.51

1.02

1.53

2.04

2.55

3.06

3.57

4.08

4.59

5.1

The possible reduction process of Ag+ ions in the presence of PVP and glucose
can be described as (42):

Ag+ + PVP èAg(PVP)+

(1)

CH2OH-(CHOH)4 -CHO + 2Ag(PVP)+ +2OH
èCH2OH-(CHOH)4-COOH + 2 Ag(PVP)ê +H2O

(2)

In this reaction, Ag+ ions were compounded with PVP polymer and the hydroxyl
ions may have undergone a nucleophilic reaction to glucose to produce gluconate (45),
which reduces Ag+ ions to silver atoms.
There may be another possible reaction in the reduction process as follows:
2Ag+ + 2OH- è Ag2O + H2O

(3)

Ag2O + CH2OH-(CHOH)4-CHO + 2PVP
èCH2OH-(CHOH)4-COOH +2Ag(PVP)ê

(4)
17

In this reaction, first Ag+ reacts with hydroxyl ion producing Ag2O, which is
reduced by glucose to form Ag atoms.
Similar reaction may take place for PEG and PVP-PEG blends.
3.3 Characterization Techniques
3.3.1 Structural Characterization
Structural study of the particles i.e. shape, size and phase structure of the
nanoparticles were studied by using X-ray Diffraction (XRD) and Transmission Electron
Microscopy (TEM).
3.3.1.1 XRD
When a beam of X-ray is incident on a sample, X-rays get scattered by each
atoms in the sample. If the scattered X-rays are in phase, this leads to the constructive
interference, and one gets a maximum intensity at a particular angle of incidence. Bragg’s
law relates this angle ‘θ’ with atomic lattice spacing ‘d’ and wavelength of incident X-ray
‘λ’, 2dSinθ = n λ, where ‘n’ is an integer (order of diffraction).
In XRD, a powder of crystalline sample is irradiated with a monochromatic beam
of X- ray, and the beam is diffracted as Bragg’s Law. A detector records the diffracted
beam as a pattern. The intensity and peak position determines the characteristics of the
crystal.
X-ray diffraction studies of all samples were carried out using Bruker D8 advance
X-ray diffractometer using Cu Kα radiation (wave length, λ = 1.5406 Å). First, those
nanoparticles were deposited on a zero background sample holder and then were exposed
to X-ray. Diffraction patterns were obtained at room temperature within the range of 2θ
angle 0 – 80o. The patterns were matched with ICCD database.
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To calculate the size of the nanoparticles using XRD, Scherrer’s equation was
used (60). Scherrer’s equation uses the full width at the half maximum of the diffraction
pattern to find the size of the particles, which is given by,

D = 0.89 λ / β Sinθ
where “D” is the average particle size, “λ” is the wavelength of the Cu Kα radiation used
( λ = 1.54056 Å ), “θ” is the Bragg’s angle of diffraction and “β” is the full width at half
maxima.
3.3.1.2 TEM
TEM works in the same basic principle as a light microscope but instead of light,
it uses electron beams. Light microscopes are limited to the wavelength of light and
cannot form the image beyond the limit. In TEM, electrons are excited to several hundred
of kV and their equivalent wavelengths become far less than wavelengths of visible light.
For example, 200 kV electrons have wavelength of 0.0025 nm. So TEM is used to
examine the images of nano sized particles. In TEM, the area of observation is
illuminated by an electron beam of adequate intensity, and the diffraction patterns due to
the electrons are used to form images.
To prepare the sample for TEM, the particles were washed with acetone for 5
times to remove any polymer on them. After washing, the particles were well dispersed in
ethanol by sonication for 20 minutes before dropping a liquid drop on the carbon coated
copper grid. TEM images were obtained using JEOL’s JEM1200EX II, which is operated
an accelerating voltage of 120 kV and can magnify the images up to 500K.
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3.3.2 Optical Characterization
The characteristics of the Ag Polymer nanocomposites were examined by using
different optical methods such as Uv-visible spectroscopy, Fourier Transform Infrared
Spectroscopy (FTIR) and Surface Enhanced Raman Spectroscopy (SERS).
3.3.2.1 UV-Vis Spectroscopy
In Uv-Vis Spectroscopy, the sample is irradiated with the electromagnetic
radiation of ultra violet and visible range. The electromagnetic radiation of this range is
capable of exciting the electrons of the molecules to higher state. Depending on the type
of sample, if the electronic transition energy matches the certain band of the incident
radiation, the radiation is absorbed by the sample. UV-Vis spectrometer records the
absorbance of the sample for particular wavelength of radiation. From the absorbance
information, we can find the concentration of the sample by using Beer’s Law, A = εbc,
where A = absorbance, b = path length, ε = molar extinction coefficient and c =
concentration (61). Also, UV- Vis spectroscopy is applicable to compare the particle
sizes and symmetry.
UV-Vis absorbance spectra were recorded using Ocean Optics Spectrometer in
the range of 200-1100 nm. Samples were diluted in water and well dispersed by
sonication for 20 minutes before taking the absorbance spectra. Disposable sterile plastic
cuvettes were used for this purpose.
3.3.2.2 FTIR
Unlike UV- Vis region, electromagnetic waves in Infra red region are not capable
to cause electronic transitions. So the absorption of IR radiation by molecules takes place
for some small energy differences such as possible vibrational states. IR radiation can
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cause the change of dipole moment of the molecule. If the frequency of the radiation
matches to the vibrational frequency of the molecule, it absorbs the radiation. In FTIR, IR
radiation is passed through the sample, and a detector records the radiation after passing
through the sample. FTIR spectra are useful to determine the functional groups in organic
materials, to determine the molecular orientation of polymers and to determine the
molecular composition of surfaces, etc.
The FTIR spectra of specimen were collected using Thermo Nicolet FTIR.
Samples were well mixed with Potassium Bromide (KBr) powder before taking the FTIR
data. Experiments were conducted under nitrogen environment.
3.3.2.3 SERS
When a beam of photon strikes a molecule, they get scattered by the molecule.
The majority of the photons are elastically scattered in which the absorbed photon and the
emitted photon have the same wavelengths. This type of elastic scattering is called
Rayleigh scattering. But very few photons get inelastic scattering in which there is a very
small difference in energy of the incident and emitted photon. In inelastic scattering, if
the emitted energy is smaller than the incident energy, the process is called Stokes
scattering, otherwise anti-Stokes scattering. Stokes or anti-Stokes lines are related to the
vibrational energy states of molecules. Raman spectroscopy is based on Raman effect,
which is the inelastic scattering of photons by molecules.
Raman effect takes place for a very few fraction of incident photons, nearly 1 in
1017. So the scattering cross section of Raman effect is very low. To overcome this
disadvantage, SERS was discovered. SERS is a phenomenon in which the Raman
scattering is enhanced by the molecules of the surface of certain metals by as much as 106
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times (62). Gold, silver and copper metal show the largest enhancement and if the metal
nanoparticles were to be used for SERS, the particle size should be 20 nm – 300 nm (63).
SERS studies on Ag NPs were conducted using SERS active benzoic acid using
Enwave Raman Spectrometer (670 nm wavelength). For SERS studies, silver NPs were
washed with acetone for 5 times to remove the polymers on them. 0.02M of Benzoic acid
solution in 20 ml of methanol was prepared, and approximately 5 mg of the samples were
well dispersed in the solution. Also, the SERS studies of the samples x = 0.0, 0.6 and 1.0
were carried out by using different concentrations of benzoic acid i.e., 0.001M, 0.0025M,
0.005M, 0.01M, 0.02M, 0.05M and 0.1M.
3.3.3 Thermal Characterization
The thermal properties of the Ag polymer nanocomposite, such as melting
temperature, glass transition temperature and thermal stability, were studied by using
Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA). Both
of the measurements were performed by using DuPont system.
3.3.3.1 TGA
TGA measures the amount and rate of change in the weight of a sample as a
function of temperature in a controlled atmosphere. Its principle uses include
measurement of sample’s thermal stability and composition. This technique is useful to
characterize materials that exhibit weight change due to oxidation, decomposition,
dehydration, etc.
TGA studies of the Ag polymer nanocomposites were carried out using Dupont
951 Thermo gravimetric Analyzer. This can be operated in the temperature range of 251000 oC. TGA studies of the samples were performed in the temperature range 25-600 oC
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at the heating rate of 15 oC per minute in nitrogen environment. Approximately 10 mg of
the samples were used for TGA studies. TGA studies show the weight change of the
sample up on heating.
3.3.3.2 DSC
DSC is used to measure the difference in heat flow rate between the sample and
reference. In DSC, both the sample and the reference are maintained at nearly the same
temperature throughout the experiment. The reference is an inert material such as an
empty aluminum pan. The temperature of sample and reference is increased at constant
rate. DSC records the amount of heat energy supplied or withdrawn from the sample to
maintain the same temperature of both the sample and the reference. The sample and the
reference are placed in an identical environment. An endothermic peak appears when the
sample absorbs the heat energy, and an exothermic peak appears when it emits energy.
Different thermal parameters such as melting point, glass transition temperature, specific
heat capacity and enthalpy can be calculated from the plot of heat flow vs. temperature.
For example, the area under the transition peak gives the enthalpy of the sample.
DSC study was used to find out the transition temperatures of the Ag polymer
nanocomposites at exothermic and endothermic reactions. TPI-910 Cell Base was used
for the DSC study. The study was done in the temperature range of 25-600 oC at the
heating rate of 15 oC per minute in a nitrogen environment. Approximately, 10 mg of
sample was used for DSC study.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Structural Characterization
Structural characterization of the samples was performed studying XRD data and
TEM images.
4.1.1 XRD studies
Figure 4.1 shows the XRD pattern of Ag-Polymer nanocomposite samples. The
peaks at 2θ = 38.36, 44.55 and 64.49o correspond to silver nanocrystallites with a FCC
structure with the symmetry group Fm-3m(225). The peaks are indexed as (111), (200),
and (220) planes of a cubic unit cell corresponding to the cubic structure of silver (ICDD
065-2871) with lattice dimension (a = 4.0838 Å). Peak at (111) plane was used to
determine the crystalline sizes. The nanocrystallite size, d, was determined using the
Scherrer’s equation, d =0.89λ/βCosθ, with the Cu Kα wavelength λ = 1.54056 Å (57).
Figure 4.1 also shows that the peak at 2θ = 38.36, 44.55o have asymmetric peak intensity
ratio, which varies as a function of x.
Figure 4.2 shows the peak intensity ratio, the peak intensity at 2θ = 38.36 to the
intensity of peak at 2θ = 44.55o of Ag-(1-x)PVP-(x)PEG samples. The peak intensity
ratio rapidly increases up to x = 0.3, remains more of less constant and decreases at above
x = 0.6. The asymmetric peak intensity ratio is suggestive of the presence of
asymmetrical Ag nanocrystallites in the sample. The observed asymmetry in the peak
intensity arises from the preferred orientation and hence may indicate greater degree of
asphericity of silver nanocrystallites in samples in the range 0.3 < x < 0.8 as compared to
x = 0.0 and 1.0 samples.
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Figure 4.2 also shows the crystallite size of the samples with different
concentration of PVP and PEG. We can see that the crystallite size decreases rapidly to
around 40 nm with introduction of PEG (up to x = 0.3) in the sample. The crystallite size
remains more or less constant up to x = 0.7 and increases again at higher concentration of

Intensity (a.u)

PEG (x > 0.8).

x = 1.0
x = 0.8
x = 0.6
x = 0.4
x = 0.2
x = 0.0

30

40

50
2Θ(degrees)

60

FIG. 4.1. XRD patterns of Ag-(1-x)PVP-(x)PEG samples.
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FIG. 4.2. Plot of particle sizes of Ag-(1-x)PVP-(x)PEG samples, and the ratio of peak
intensity at 2θ = 38.36 to 44.550 of the XRD plot.
4.1.2 TEM studies
The TEM images of the samples, x = 0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 1.0
washed with acetone, are shown in figure 4.3. In the presence of pure PVP (x = 0) and
PEG (x = 1), silver nanoparticles favored sphere-like shape with an average diameter of
60 nm and 50 nm, respectively. By comparing the samples prepared in the presence of
pure PVP or PEG, it was found that net-structured asymmetric silver NC were primarily
formed in the presence of PVP-PEG mixture. The presence of asymmetric Ag NPs was
observed for all intermediate samples. The presence of asymmetrical Ag nanocrystals in
PVP-PEG silver nanocomposite was further conformed via Uv-Vis Spectroscopy and
Raman spectroscopy. Table 4.1 shows the average particle size of all samples. The

26

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(a)

FIG. 4.3. TEM images of Ag-(1-x)PVP-(x)PEG samples after washing with acetone.
(a) x = 0.0, (b) x = 0.2, (c) x = 0.3, (d) x = 0.4, (e) x = 0.5, (f) x = 0.6,
(g) x = 0.7, (h) x = 0.8, and (i) x = 1.0.
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Table 4.1. Average particle size distribution as obtained by TEM images.
Samples (x)

Particle Size (nm)

0.0

60±3

0.1

48±2

0.2

49±2

0.3

45±2

0.4

45±3

0.5

46±3

0.6

44±2

0.7

45±2

0.8

49±2

0.9

49±3

1.0

50±4

average particle size obtained from TEM images is slightly higher than the XRD results.
This may be due to some particles clustered together.
4.2 Optical Characterization
Optical methods such as UV-Vis Spectroscopy, FTIR and SERS were employed
to characterize the silver nanoparticles and Ag-polymer nanocomposites.
4.2.1 UV-Vis Spectroscopy
Figure 4.4 shows the UV-Vis absorbance spectra of samples suspended in
aqueous solution. It is interesting to note the gradual effect of replacing of PVP with PEG
on the UV-Vis absorbance spectra. A strong plasmon peak is evident for samples
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prepared with only PVP (x = 0), however a weak and a broad plasmon peak is observed
for sample prepared with pure PEG only (x = 1.0). Furthermore, the plasmon resonance
peak grows with addition of PEG for samples up to x = 0.6 and reduces gradually with
further addition of PEG. The increase in the plasmon resonance peak intensity with the
addition of PEG shows the formation of high concentration of silver nanoparticles due to
rapid reduction of silver salt in the presence of PEG. Additionally, with increase of PEG
concentration, the plasmon resonance peak position shifts from 400 nm (x = 0) to 415 nm
(x = 0.6).
It is known that metal particles get polarized when an external electric field is
applied to the particles; this induces dipoles and higher multipoles. If the external field
oscillates in time, the radiation from the induced dipoles (multipoles) will generate a
scattered field. The scattered field inside and outside the metal nanoparticles induced by
dipoles (higher multipoles) is proportional to (R/d)2L+1, where R is particle radius, d is
interparticle distance, and L is multipole order (L = 1 for dipole, L = 2 for quadrupole,
etc.) (64,65). Obviously, for a given R at short interparticle distance d, the isolatedparticle approximation breaks down, and contribution resulting from dipole-dipole
interaction should be significant (66). With the increase of PEG concentration, higher
concentration of Ag NPs is formed. The size of Ag NCs does not vary much, and due to
higher cross linking of PVP-PEG, the mean interparticle distance gets much smaller with
respect to R of NPs. So the multipole interaction between neighboring nanoparticles
becomes more important. Therefore, the red shift induced by the multipole interaction
increases with increasing concentration of Ag NPs. Furthermore, a reduction of the
spherical symmetry or network of Ag clusters induces the red shift of the surface plasmon
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FIG. 4.4. UV-Vis spectra of Ag-(1-x)PVP-(x)PEG samples in the wavelength range of
300-700 nm.
resonance peaks as well (67,68,69). The presence of cluster and network of Ag
nanoparticles was conformed in our TEM results as well, figure 4.3. A similar
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FIG. 4.5. Plasmon resonance peak positions for Ag-(1-x)PVP-(x)PEG samples.
progressive red shift in UV-Vis spectra of silver nanoprisms prepared in formamide with
the addition of PEG is reported (70).
A shoulder peak at around 350 nm is observed in all samples, which is suggestive
of the formation of particles with different morphologies (generally polyhedral truncated
nanocubes with large size) and is attributed to the quadrupole resonance excitation
(71,72). Furthermore, a broad peak centered at around 600 nm is also evident in all
samples, which could be assigned to the development of larger dimension nanoprisms
(73). A broad plasmon peak observed for x = 1 sample shows rapid reduction of silver
salt resulting in a polydispersed silver nanoparticles. The behavior of adding more PEG is
indicative of rapid reduction of Ag+ to silver particles (34). It is clear that the reducing
reactivity of PEG, although lower in molecular weight than that of PVP, is higher than
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that of PVP. This effect of molecular weight and concentration of PEG on reducing
activity is well documented by Luo et al. (38). They showed that the rapid reduction of
silver nitrate takes place with increasing temperature, molecular weight and concentration
of PEG. Accordingly, the observed low intensity peak of plasmon resonance in pure PEG
sample (x = 1) may be attributed to the low temperature 600 C synthesis procedure
adapted in our work leading to low concentration of silver nanoparticles. One can further
enumerate on the role of PVP, i.e., it acts as a stabilizing agent, preventing aggregation of
metal particles and retaining a uniform colloidal dispersion. Additionally, PVP is also
reported as a shape-controlling agent or “a crystal habit modifier”, promoting attachment
of metal atoms onto the specific crystal faces and leading to the highly anisotropic growth
of nuclei into nanostructure (53,74). Based on this fact, the observed asymmetric peak
intensity ratio in XRD can now be understood. As the PEG concentration increases in the
sample, the rapid reduction of Ag+ leads to formation of Ag atoms in high concentration.
These Ag atoms form large nuclei, acting as a seed, allowing further nucleation of Ag
atoms. The PVP coverage on the surface of Ag nuclei would induce a simultaneous
growth of different crystal faces to Ag, thus leading to asymmetric growth of Ag
nanoparticles (53). At extreme end of the polymer composition, particles are more or less
symmetrical where polymer play dual role as reducer and stabilizer. Based on the UV-Vis
spectra, it could be further inferred that the reduction rate of Ag+(H2O)-PVP is relatively
slower than that in Ag+(PEG)-PVP mixture. Finally, the existence of well-defined
isobestic points (at 333 and 650 nm) effectively conformed the existence of at least two
different populations of absorbing silver nanoparticles (75).
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4.2.2 FTIR studies
The infrared spectra, figure 4.6, compare the peak position of Ag-polymer
composite samples (unwashed) with pure PVP and PEG. The curve at the bottom
represents pure PVP. The intermediate curves are for x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, and
the top curve represents pure PEG. The FTIR spectra of PVP show a band at 1660 and
1290 cm-1 assigned to the C=O stretching vibration of carboxyl group and C-N stretching
vibration (76). Measuring the degree of the complexed IR C=O stretching as a function of
blend composition is the most frequently employed method to quantify the relative
fraction of “free” and “complexed” C=O sites within the PVP chain (77,78,79). Thus, the
characteristic peak at 1660 cm-1 can be investigated to explore about the interaction
between PVP and PEG. For dehydrated PVP, this peak appears at 1679 cm-1 (80). The
appearance of carbonyl peak at 1660 cm-1 in my samples indicates the association of PVP
carbonyl group with water. With the mixing of PEG with PVP results in the shift of the
band related to PVP carbonyl group stretching vibrations from 1660 to 1630 cm-1 and the
corresponding shift of PEG terminal hydroxyl vibrations from 3440 to 3410 cm-1. This
effect is indicative of strong hydrogen bond formation between these groups. Similar
shift of the PVP carbonyl group vibrations from 1682 to 1655 and from 1669 to 1655cm-1
resulting from strong hydrogen bonding between PVP carbonyl and –OH groups of PVPh
(Polyvinyl phenol) and PEG has also been observed (81). The C-N band reduces and
disappears above x = 0.4 PEG concentration indicating strong interaction of PVP with the
silver nanoparticle surface. At higher concentration of PEG above x > 0.4, a band at 1600
cm-1 is observed, which indicates the presence of H-bonded carbonyl groups (82,83,84).
The FTIR spectra of pure PEG show that the C-O-C stretching vibrations appear at

33

PEG
x = 1.0
x = 0.8

Intensity (a.u.)

x = 0.6
x = 0.4

x = 0.2
x = 0.0
PVP

1000

1500

2000
2500
3000
-1
Wavenumber (cm )

3500

FIG. 4.6. Transmittance FTIR spectra of pure PVP, PEG, and Ag-polymer
nanocomposites.
1100 cm-1, which splits into two bands at 1070 (-C-OH-) and 1030 cm-1 (-C-C-) in the
presence of Ag NPs and PVP (85). These bands do not change either in intensity or
position with any change in PEG concentration, thus suggesting that the ether bond of
PEG molecules interacted with the surface of the Ag NPs as well. These above
observations suggest that both PEG and PVP are bonded to the silver nanoparticles.
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4.2.3 SERS studies
To experimentally clarify the role of PVP-PEG in the size and shape
determination of silver NCs, SERS of benzoic acid were observed over the range of
samples from x = 0.0 to 1.0. The ordinary Raman spectra of benzoic acid (BA) in solid
state and 0.02M BA dissolved in methanol solution are shown in figure 4.7. It is clear
from the figure that the Raman peaks of BA are not resolved in the BA- methanol
solution. Figure 4.8 presents a dramatic SERS enhancement in the Raman peak at 1001
cm-1 upon dispersing Ag NCs in the BA-methanol solution. Furthermore, the acid C=O
stretching band at 1627 cm-1 is completely disappeared while an emergence of symmetric
stretching and bending vibrations of the carboxylate group is observed at 1384 and 840
cm-1 respectively. This suggests the fact that BA is adsorbed on the Ag NCs’ surface as
benzoate (86). Based on the fact that the Ag nanoparticles do not cause observable shift
on the 1001 cm-1 mode of BA, it is generally believed that its SERS enhancement is
mainly due to the electromagnetic effect of local fields, rather than the chemical effect.
However, the SERS enhancement depends on several parameters such as the wavelength
of excitation, the size, shape and dielectric constant of the metal being used, and the
nature of the SERS active molecules (87).
In order to get a clear idea on the dependence of SERS on the size of NCs, the
area under the Raman peak at 1001 cm-1 is plotted as a function of PEG concentration,
which is shown in figure 4.9. It is clear from the figure that the observed trends are in
conformation to the particle size and shape as obtained via XRD. The SERS signals from
x = 0 and x = 1 samples are much stronger compared to that of PVP/PEG-Ag composite
samples. This result demonstrates that the SERS activity is related to the size and shape
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FIG. 4.7. Raman spectra of (a) Benzoic acid powder, and (b) 0.02 M Benzoic acid in
methanol.
of the Ag nanoparticles. Earlier, it has been reported that the SERS enhancement could be
obtained for an average particle size in the range of 50-90 nm (88,89). The Ag particle
size for x = 0 and x = 1 samples lie within this range, where as irregular silver
nanoparticles of PVP/PEG-Ag composites lie within the range of 30-40 nm. This is one
of the important reasons for the strong SERS signals from the Ag NPs in the x = 0 and 1
samples. Our results are in conformation with the Zheng et al. calculation on SERS
enhancement dependence on laser wavelength and particle size (90). As per their
calculation, for the red laser light (670 nm wavelength), optimal SERS enhancement is
obtained for the spherical Ag nanoparticles in the size range of 50-70 nm. For the
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FIG. 4.8. Raman spectra of as prepared Ag-(1-x)PVP- (x)PEG samples (washed with
acetone) in a solution of 0.02M Benzoic acid in methanol.
nanoparticles of a given size and shape, Zeman et al. (87) has derived the SERS
enhancement factor R(ω). As per this calculation, the SERS for the silver crystallite is
greatly enhanced for prolate of asymmetrical particles (91). Although, as per the XRD
results, PEG doped silver composites show increased asymmetry in size but shows
reduced SERS activity. The reduction in SERS is attributed to the decrease in the size of
the particles. The high SERS observed at both ends of the sample, i.e., at x = 0.0 and 1.0,
results from the bigger size of the particles.
Fig. 4.10 shows the efficacy of silver nanocomposites as SERS activator against
benzoic acid-methanol solution of varying molar concentration. This figure shows the
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FIG. 4.9. Area under the Raman peak at 1001cm-1 of Ag-(1-x)PVP-(x)PEG samples.
data of the peak area at 1001 cm-1 on benzoic acid as a function of molar concentration of
benzoic acid. When the molar concentration of benzoic acid was other than 0.02 M, the
SERS signal did not show much sample dependent deviation in the SERS activity. Yu et
al. (2007) (92) also observed strong SERS signal due to large spherical silver
nanoparticles as compared to small irregular silver nanoparticles when the benzoic acid
concentration was around 0.02 M. However, substantially large SERS enhancement is
observed for the x = 0.0 and 1.0 samples in comparison with x = 0.6 sample. This is in
agreement with the fact that larger symmetrical nanoparticles were formed at the extreme
ends of the polymer concentration i.e., for x = 0.0 and 1.0. This observation clearly
suggests that the sensitivity of these composites is significantly affected by the size and
shape of the Ag nanocrystallites.
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4.3 Thermal Characterization
Thermal studies of the polymers and Ag-polymer composites were carried out
using DSC and TGA. The main goal of the thermal studies was to understand the
influence of Ag NPs on the stability of polymers.
4.3.1 TGA studies
Fig. 4.11 depicts differential weight loss (dm/dT) curves of (a) PVP and PEG, and
(b) as-prepared composites. For pure PEG and PVP, the decomposition starts at 200 oC
and 380 oC, respectively. However, Ag-polymer nanocomposites show interesting
thermal behavior. The DTGA curves of Ag-polymers show two distinct regions of weight
losses; region I corresponds to weight loss due to the evaporation of trapped moisture in
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FIG. 4.11. DTG thermograms of the Ag-PVP/PEG nanocomposites in nitrogen at a
heating rate of 15 oC/min. The inset compares DTG of pure PVP and PEG.
the composite, and region II corresponds to the final decomposition of polymers. The
presence of silver nanoparticles, as observed in other metal nanoparticles-polymer
composites, in fact affects the final decomposition temperature of the polymer (93,94,95).
For example, for Ag-PVP (x = 0), decomposition temperature is 300 oC, which is 80 oC
lower than the decomposition temperature of pure PVP while the decomposition

40

temperature of Ag-PEG (x = 1) sample is 280 oC, which is 85 oC higher than that of pure
PEG. With the addition of PEG in the composite, the degradation temperature of the
composite lowers, reaches a temperature of 225 oC for x = 0.4 sample. At higher
concentrations of PEG (x > 0.6), the thermal degradation temperature rises again to
285 oC (x = 1 sample). From this result it is evident that the thermal stability of AgPVP/PEG is retarded at low PEG concentration and increases at higher PEG
concentration. As silver concentration is almost constant in all samples, the observed
variation of thermal stability of polymers in composites is attributed much to the degree
of cross-linking between PVP and PEG.
Feldstein et al. have suggested that at low concentrations of PEG in PVP, each
PEG molecule forms only a single H-bond with the PVP carbonyl, leaving the second OH group, at the opposite end, free (59). Where as at higher PEG concentrations, the
PVP units are cross-linked by H-bonding through both terminal groups of PEG chains.
Thus, the PVP-PEG blends, the complex behaves like a new entity with distinct physical
properties. Based on this model, the above changes in thermal degradation in Ag-PVPPEG composites can be explained. The PEG molecules act as a plasticizer at low
concentration of PEG. This, in turn, increases the repulsion between PVP molecules
leading to decrease in thermal stability of the composite. At higher PEG concentration
(up to x = 0.8), cross-linking between PEG and PVP is promoted, which decreases the
chain movement and hence improves the thermal stability of the polymer. Due to the
cross-linking PVP units by H-bonding to PEG terminal hydroxyls, the PEG chains
behave as a cohesive toughness enhancer. The observed changes in the thermal stability
of Ag-PVP or Ag-PEG composites sample is attributed to the silver fillings only. From
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the above thermal studies, it is clear that cross-linked PVP-PEG in the composite behaves
as a different kind of polymer. It is interesting to note that over all percentage weight
change decreases with increase of PEG concentration. This indicates that the
concentration of Ag NPs increases with increasing PEG concentration.
4.3.2 DSC studies
The DSC results of silver nanocomposites is compared to pure PVP and PEG in
figure 4.12 (a) and (b). The pure polymers PVP and PEG show two endothermic peaks.
During the scanning of PVP, a broad endotherm ranging from 30 to 130 oC was observed,
which is an indication of the loss of moisture due to extremely hygroscopic nature of
PVP polymers. A sharp endothermic peak at 45.3 oC corresponds to the melting
temperature of PEG (96). The endothermic peaks at 410 and 445 oC, for PEG and PVP
respectively, correspond to degradation temperatures of respective polymers. The
decomposition of pure PVP and PEG start at around 380 and 300 oC respectively, which
is similar to the result from DTGA analysis. A small endothermic peak at 175 oC of pure
PVP is observed, which corresponds to the glass transition temperature (Tg) of PVP
polymer. It is interesting to note that the thermal behavior of composite samples AgPVP/PEG is much different than pure PVP and PEG. In the presence of silver
nanoparticles, for sample x = 0.0, a glass transition temperature at around 124 oC is
observed, which is lower than the Tg of pure PVP. The Tg value of the composite samples
is shifted to lower temperature (108 oC for sample x = 0.8) in the presence of PEG and
finally disappears in sample x = 1.0 with PEG only. The shift of Tg peaks at a lower value
indicate that the polymers PVP and PEG are bonded to each other and act as a polymer
blend. It is known from the Fox equation that the glass transition temperature of polymer
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FIG. 4.12. (a) DSC plot of Ag-PVP/PEG nanocomposites in nitrogen environment
at a heating rate 15 oC/minute, and (b) DSC plot of PVP and PEG.
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blends lie in between the Tgs of both polymers. The Tg value of the composite obtained in
this experiment is, however, higher than the theoretical value predicted by the Fox
equation, which may be due to the bonding of polymers with silver nanoparticles.
It is very interesting to observe the presence of multiple exothermic peaks and its
variation with PEG content at temperature range 100-200 oC in Ag-polymer composites.
The exothermic peaks in Ag-PVP/PEG composites correspond to crystallization
temperatures of PVP/PEG blend. It was suggested by Fedelstine et al. that PEG acts as a
crosslinker to PVP molecules via forming H-bonds through both terminal OH-groups,
i.e., hydrogen bonding between carbonyl repeat groups in PVP repeat units and
complementary hydroxyl end-groups of PEG chains (59). The gradual shift in the first
exothermic peak to lower temperature up to x = 0.4 is suggestive of lowering of
crystallization of PVP-PEG complex, kind of a new physical entity. At low
concentrations of PEG, the PVP molecular chains are pushed apart by hydrogen bonded
PEG molecules and create a space between longer PVP macromolecules. This provides
enough mobility to PVP molecules to conform and crystallize. However, with increase in
PEG concentration, above x = 0.6, the cross linking is strong. As a result, the PVP chains
are tethered and are restricted in motion, which leads to disappearance of the first
exothermic peak. The exothermic peaks at 175 oC observed in samples with x = 0.4 and
above, are invariant with PEG concentration and is attributed to the crystallization of
PEG.
Based on the results from thermal and structural characterization of Ag-polymer
composite, a model is proposed in fig. 4.13. This figure shows the interaction of PVP and
PEG chains as well as the growth of silver nanoparticles inside the chains. This model is
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FIG. 4.13. Schematic representation of growth of Ag NPs in Ag-PVP-PEG
nanocomposites as a function of PEG concentraton.
based on the Feldstein et al. model of miscibility of PVP and PEG molecules (59).
Relatively large and symmetrical nanoparticles were formed for PVP only sample due to
the long chain of PVP. At low PEG concentrations, the plasticization of PVP occurs due
to short chains of PEG as shown in the figure, which leads to the decrease of Tg of the
blend. Due to the higher reducing activity of PEG and the decrease in growth space of Ag
NPs, small and irregular shaped nanoparticles are formed. With increasing the
concentration of PEG high enough, the gel of PVP crosslinked by H-bonding with PEG
chains begins to appear. The crosslink of PVP-PEG effectively reduces the chain
movements, which favors the thermal stability of the polymer blend. Again, relatively
larger and regular shaped Ag NPs were formed due to PEG only.
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CHAPTER 5
CONCLUSION
Here a novel approach is presented for the synthesis of nanostructured material by
controlling the free volume space between the polymer chains. From the above results, it
can be concluded that PVP, an amorphous polymer having a higher free volume allows
easy diffusion of silver ions thus allowing growth of bigger silver nanoparticles. Upon
cross-linking with PEG, the overall free volume of the polymer is reduced. The crosslinked PEG-PVP polymer acts as a polymer of a different kind. Furthermore, being a
stronger reducing agent than PVP, PEG allows rapid reduction of silver ions. The low
diffusion length and rapid reduction of silver ions lead to arrested growth of silver
nanoparticles in Ag-PVP-PEG composite. At higher PEG concentrations, the large
number of oxygen atoms in the long PEG chains provided coordinative saturation of
dangling bonds on the surface of the nanoparticles and hence assist in their stabilization,
even though the electron-donating effect of oxygen is not as strong as amine or thioorganic compounds. Thus PEG acting as both reducing and stabilizing agents allows slow
growth of silver nanoparticles leading to bigger size silver particles. On the other hand,
all of these changes by using PEG as the reaction medium may result a narrow deviation
of the size distributions observed in the mixture of PVP-PEG. Thus this study gives a
novel engineering direction for the synthesis of nanostructured silver particles of
desirable sizes and shapes by altering the weight ratio of PVP and PEG in the reaction
solution.
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The important results obtained from this study can be summarized as below:
1) Particles made with pure PVP or PEG were found to be more symmetric and larger in
comparison to the particles made with mixture of PVP and PEG.
2) Thermal stability of PVP was reduced in the presence of Ag NPs whereas the thermal
stability of PEG was enhanced due to Ag NPs.
3) Plasmon resonance peak red shifted for intermediate particles in comparison to the
particles with pure PVP and PEG.
4) The SERS enhancement of benzoic acid peak at 1001 cm-1 was more enhanced by the
Ag NPs with pure PVP and PEG in comparison to the intermediate particles.
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